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 
Abstract— Surface based analytical tools have gained more 
importance for rapid, sensitive and label-free monitoring of 
molecular recognition events. Surface plasmon resonance 
(SPR) has played a prominent role in real time monitoring of 
surface binding events. SPR is increasing its significance 
especially for the study of ultrathin dielectric layer. This paper 
investigates the role of thin films of gold, silver and aluminium 
for protein detection in SPR biosensors. It is shown that the 
sensitivity, which is indicated by the shift of plasmon dip, is not 
linearly related to the thickness of protein but quadratic over a 
specific range. The approach involves a plot of a reflectivity 
curve as a function of the angle of incidence. In this work, all 
reflection curves were generated with the help of an SPR 
simulation tool. 
I. INTRODUCTION 
URFACE plasmon resonance (SPR) is a fast, sensitive 
and multichannel technique for real time monitoring of 
surface binding events within a small change of analyte 
concentration. Because of its label-free detection protocol, 
in which biomolecules are unmodified and detected in their 
natural forms, SPR biosensors are well-suited for a range of 
medical and biology applications. 
SPR is a phenomenon of excitation of surface plasmon 
which exists at dielectric-metal interfaces and can resonate if 
given the correct momentum and energy. A number of SPR 
sensing platforms have been designed and implmeneted [1, 
2] including attenuated total reflection, optical waveguide, 
optical fiber and intensity measurement. These platforms are 
capable of recognizing biological events on their sensing 
surface.  
This paper investigates biomolecular interactions (e.g., 
protein and gold nanoparticles) in SPR biosensors based on 
the shift of the plasmon dip at a certain angle of incidence of 
the optical coupling signal using a reflectivity graph. In SPR 
devices with a planar thin metal film, propagating surface 
plasmon resonance takes place when the surface plasmons 
are excited.  The use of nanoparticles (e.g., gold, silver and 
aluminium) in SPR devices produces a localized surface 
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plasmon resonance and enhances the local electromagnetic 
field near the surface of nanoparticles. Thereafter, the 
immobilization of the target molecule on an evaporated gold 
film, lipid protein in this experiment, results in a larger shift 
of the resonance dip.  
SPR has been comprehensively studied by many 
researchers. Patel et al. [3] conducted an experimental study 
to investigate the excitation of SPR on different thin metal 
films. Manesse et al. [4] simultaneously used 
electrochemical impedance spectroscopy and surface 
plasmon resonance to realize the DNA hybridization. They 
developed the Au/SiOx surfaces where SPR was employed 
to calculate layer thickness and amount of grafted 
oligonucleotides. Various optical and non-optical biosensing 
techniques [5], such as impedance spectroscopy [6], 
microcantilever [7], carbon nanotube FET [8] and 
fluorescence [9] are currently available for the protein 
detection. Unlike some detection platforms, SPR does not 
involve any filtering scheme or complex arrangement for the 
detection issue. It offers an impressive limit of detection and 
thus gaining more popularity. Moreover, it has a great 
potential for improving device integration.  In this work, we 
present the role of different immobilized nanopartilces for 
detection of lipid protein based on the SPR technique. The 
performance of different thin metal films such as gold, silver 
and aluminium coated on a glass substrate is investigated. In 
addition, the thickness of the target biomolecule (protein) is 
varied to examine the shift of plasmon dip for different thin 
metal films. 
II. PRINCIPLE OF DETECTION USING SPR  
From the theory of optics, above a certain critical angle of 
incident, no light is refracted across the interface. While the 
light is totally reflected back to the medium of higher 
refractive index, the electromagnetic field component 
pierces several nanometers distance into a lower refractive 
index producing an exponentially extenuating evanescent 
wave (Fig. 1). When the interface between the media is 
coated with a thin layer of material (e.g., silver) and the light 
is monochromatic and p-polarized, the intensity of the 
reflected wave starts reducing. This produces a sharp dip at a 
certain incidence angle. In this phenomenon, transformation 
of resonance energy takes place between evanescent wave 
and surface plasmons and is influenced by the material 
adsorbed into the thin metal film. The polariton (when 
plasmons couple with a photon) pass around the surface of 
the thin metal film until it decays, either by absorption or by 
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radiative transition into a photon. And, a satisfactory linear 
relationship is always noticed between the resonance energy 
and the mass concentration of bio recognition elements 
including proteins, DNA and sugars. 
In our investigation, a prism is placed against a thin metal 
film in the Kretschmann configuration [10] or very close to a 
metal surface in the Otto configuration [11] (see Fig. 1). To 
detect the presence of any biomolecules, the surface of metal 
layer is coated with the target probe (protein in our 
experiment). A polarized optical signal of a certain 
wavelength is impinged on a prism covered by a thin metal 
(e.g., silver, aluminium, gold etc) layer. The surface of the 
biochips always has some free electrons which adsorb the 
incident light and commute them into surface plasmon 
waves. When any of SPR conditions (e.g., thickness of 
covering layer, wavelength of impinging light, phase, 
amplitude, polarization and incidence angle) is met, a dip in 
reflectivity of the light occurs in the reflectivity curve. Then, 
the interaction between the captured target molecules and 
probe molecules results in the modification of the resonance 
conditions which shifts the plasmon dip in the reflectivity 
curve. 
Fig. 1. A schematic representation of basic Kretschmann configuration of 
prism coupling to show the SPR principle. 
 
The total internal reflection occurs when a certain portion 
of the reflected wave penetrates to the medium of lower 
refractive index. And above this, at a certain critical angle, a 
strong dip called the plasmon angle is produced in the 
reflectivity plot. The position of the plasmon angle is 
strongly influenced by the difference of the dielectric 
constants of the following two infinite media:  (i) prism and 
(ii) cover medium. For a given system, these values are 
known and, hence, critical angle is fixed. In the absence of 
the target molecule, the angular position of the plasmon dip 
is measured by the optical constants of prism, the 
surrounding medium, and the type of metal (usually 
thickness and dielectric constant are taken in consideration).  
After the deposition of biomolecular layer of 30nm on the 
surface of the thin film, the position of the plasmon dip is 
again measured. The analysis reveals that now the plasmon 
dip has shifted by an amount of 9.050 from its original 
position when recognition element is deposited on top of the 
metal thin film. 
III. THEORY 
The theory behind the actual SPR signal can be elucidated 
by the electromagnetic coupling of the incident light with the 
surface plasmon of the covering layer such as gold, 
aluminium etc. As mentioned earlier, when the optical beam 
reaches at the interface of metal and dielectric, part of it is 
reflected and part of it is transmitted which leads to an 
interaction between the light and the electrons in the metal. 
This interaction generates a collective movement of the 
nearly free electron gas of the metal [12]. 
According to Maxwell theory, above the critical angle, the 
optical electric field has the usual oscillatory lineament of an 
electromagnetic mode which can be expressed as: 
 
ܧ ൌ ܧ଴݁ݔ݌ሾ݅ሺ݇௫ ݔ ൅ ݇௭ ݖ െ ߱ݐሻሿ                                       (1) 
 
where k is the wave number and ω is angular frequency of 
the wave. The component of the electric field perpendicular 
to the interface decays exponentially with a decay length L, 
which is a function of the angle of incidence.  
 
L ൌ ୨ଶ஠ඥሺ୬.ୱ୧୬ ஘ሻమ ିଵ              with  θ ൐ θୡ                              (2) 
 
where n is the refractive index of the medium and θ is the 
angle of incidence. The decay length follows the order of the 
wavelength of the incoming optical beam [12]. After solving 
the Maxwell’s equation for the electromagnetic wave at the 
interface between two materials with the relative dielectric 
constants εD and εM, the following relation is derived with 
setting the appropriate boundary conditions [13]: 
 
௞೥భ
 אಾ ൅ 
௞೥మ
 אವ ൌ 0                                                                  (3) 
and, 
݇௫ଶ ൅ ݇௭௜ଶ ൌא௜ ሺఠ௖ ሻଶ      for i = 1 and 2                              (4)                 
 
where c is the speed of light. Thus, the well-known 
dispersion relationship for a wave propagating along the 
surface is found by solving Eq. (3) and Eq. (4) [14]:      
 
ܭ௣௟௔௦௠௢௡  ൌ ఠ௖ ට
אಾ אವ   
אವ   ା  אಾ                                                     (5) 
 
where kplasmon is the wave vector of plasmon. Whereas, 
Huang et al. [15] developed an implicit expression for this 
dispersion relation: 
 
ܭ௣௟௔௦௠௢௡  ൌ ఠ௖ ሺ
√אವ√ఢಾ ඥ אವାאିଶאಾ
ටሺ אವାאሻאವమିଷఢಾమ ఈாబమିଶఢఢಾమ
ሻ                     (6)  
 
 
 
from where the dielectric constant of metal is obtained by 
the following equation. In Eq. (6), as α approaches zero, or 
E0 approaches zero and εd approaches ε, it leads to the 
matching of the Eq. (5).  
אெ ൌ െටሺ אವାאሻאವ
మ
ఈாబమା  ଶאವ                                                              (7) 
 
With the assumption of the free electron Drude model for 
the metal, εM reduces to the following expression [15]: 
 
אெ ൌ 1 െ ටఠ೛
మ
னమ                                                                    (8)                       
 
where ωp is the plasma frequency. Now the surface plasmon 
frequency can be found by solving Eq. (7) which is the 
modification of the inexact approach of [16]. 
 
߱ௌ௉  ൌ னP
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                                                        (9) 
 
In order to get the plasmon resonance with photons, the 
energy and momentum should be preserved. To achieve this, 
the wave vector of the photon kphoton in the dispersion 
direction has to be conformed to the wave vector of the 
plasmon kplasmon. From the dispersion curve (Fig. 2), for a 
low k, the surface plasmon curve (blue) approaches the 
photon curve (red) but does not intersect at all for higher 
values of k. However, if the angle of incidence is varied, 
there is a probability of going with the right frequency and 
then stimulate the resonance of the surface plasmon (pink). 
This can be feasible through increasing the dielectric 
constant, for example by using the prism with higher 
refractive constant. Ideally, it is possible to tune the wave 
vector kprism with the wave vector of plasmon kplasmon by 
varying the angle of incidence of the incoming light. At a 
certain incidence angle (called the resonance angle, θres) 
these two match and the plasmon resonance occurs. This 
resonant coupling is then defined by the following 
expression: 
 
݇௣௟௔௦௠௢௡ ൌ  ݇௣௛௢௧௢௡ ൌ ݊௣௥௜௦௠ሺఠ௖ ሻ sin ߠ௥௘௦                        (10) 
 
As can be seen, the dispersion relation changes and 
resonance angle is shifted when a thin dielectric layer is 
adsorbed on the surface of the thin metal film. This shift of 
resonance angle is proportional to the optical thickness, 
which is influenced by the difference between the two 
refractive indices and the film thickness [17]. In the 
following section (experimental study), we have shown that 
this shift of resonance angle is greatly influenced by the 
thickness of the immobilized thin dielectric layer.   
 
IV. EXPERIMENTAL STUDY 
A simulation experiment was carried out in which a laser 
beam is reflected from the base of a prism [18]. In this study, 
we have taken in to account the three thin coating films of 
gold, silver and aluminium to cover the base. And finally 
protein is immobilized on its surface. The reflected light 
which is normal to the surface is then collected as a function 
of the angle of incidence. The refractive index profile and 
other properties of the examined materials were used in this 
investigation. The dielectric constant of the prism (glass) is 
treated as 2.29 and that of protein as 2.11. The thickness of 
each covered materials is set as 50nm. This experimental 
study was verified using the WINSPALL SPR simulator by 
Knoll group. The simulator calculates the Fresnel 
coefficients of the layer system with a recursion formalism. 
We have shown in Fig. 3 that  the shift in the plasmon dip is 
much better for gold while for silver and aluminium is 
almost similar [18]. A summary of this experimental study 
that investigates the role of the coating material is listed in 
Table I.   
 
Fig. 2. Dispersion relation of surface plasmon with photon. As k increases, 
the dispersion curve bends over and reaches an asymptotic limit. 
 
The width of the plasmon of a blank substrate depends on 
the imaginary part of the dielectric constant of the thin films 
and its position is enhanced by the thickness of the dielectric 
layer. We have conducted an experiment to study the role of 
these thin metal films when the thickness of the dielectric 
layer is varied over a wide range. Keeping all other 
parameters constant, the thickness of the protein layer is 
varied. For each experiment (specified thickness of protein), 
the shift of the plasmon angle (Δθres) is measured. 
Thereafter, the shift of the plasmon angle (Δθres) is plotted 
against the thickness (d) of the protein layer. The summary 
of this experimental study for the three types of thin films is 
shown in Fig. 4. 
 
 
 
 
TABLE I 
SUMMARY OF THE PERFORMANCE ANALYSIS OF DIFFERENT THIN FILMS ON BIOSENSING IN TERMS OF SHIFT OF RESONANCE ANGLE 
 
Materials and 
thickness (nm) 
Complex dielectric 
constant 
Thickness of the target 
molecules (Lipid Protein), nm 
Angle of 
incidence at 
sharp dip (θres) 
 
θres  after protein binding 
on top of metal surface 
Shift in SPR 
angle (Δθres) 
Gold (50) -9.39+1.09j [9] 
Lipid protein (30nm) 
44.370 53.420 9.050 
Silver (50) -17+0.7j [3] 41.970 47.690 5.720 
Aluminium (50) -37.0+13.0j [3] 40.750 44.680 3.930
 
 
(a) 
 
(b) 
 
(c) 
 
Fig. 3. Reflectivity versus angle of incidence curve for three types of 
materials to show the shift in SPR angle: (a) gold coated, (b) silver coated 
and (c) aluminium coated. 
After plotting the experimental data (blue), we have 
performed the best curve fitting. The quadratic curve fitting 
closely matched with the experimental data with the 
regression (R2 = 0.999) of approximately 1. 
The equations which describe the nature of the shift of the 
resonance angle for these three types of thin films of gold 
(Au), silver (Ag) and aluminium (Al) are derived by the 
authors as follows respectively: 
 
∆ߠ௥௘௦|஺௨ ൌ 0.0041݀ଶ ൅ 0.18d ൅ 0.14 with d<220nm   (11) 
 
∆ߠ௥௘௦|஺௚ ൌ 0.0026݀ଶ ൅ 0.11d ൅ 0.08  with d<260nm  (12)          
   
∆ߠ௥௘௦|஺௟ ൌ 0.002݀ଶ ൅ 0.065d ൅ 0.15    with d<82nm    (13)    
 
where d is the thickness of the protein layer.  
 
In this experiment, the real and imaginary parts of the 
dielectric constant of metals are calculated by the following 
equation: 
 
אൌ ሺ݊ ൅ ݅݇ሻଶ ൌ ݊ଶ ൅ 2݅݇݊ െ ݇ଶ ൌאோ൅אூ                      (14) 
 
where, n, k = real and imaginary part of the refractive index 
respectively. Also: 
אோൌ ݊ଶ െ ݇ଶ, is real part of the dielectric constant,  
אூൌ 2݇݊ , is imaginary part of the dielectric constant. 
For example, for gold n = 0.178 and k = 3.07 which lead to 
אோൌ െ9.39 and אூൌ 1.09. 
V. RESULTS AND DISCUSSIONS  
The sensitivity of a biosensing system as a whole depends 
on a number of factors (e.g., coated materials, and target 
probe) but in the context of this study, sensitivity 
improvements has resulted from proper selection of the thin 
metal films and the specificity of the captured target 
molecule. It is outlined in the earlier discussions that gold 
films provide the better sensitivity for the detection purpose 
than many other films. From the experimental data (Table I), 
with gold coating, the Δθres was almost two times more than 
its counterparts, silver and aluminium. 
As the position of the plasmon dip depends on the 
thickness of the dielectric layer over a certain range, we 
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TABLE II 
A SUMMARY TO SHOW THE DIFFERENT WAVEGUIDE MODES FOR THE EXAMINED MATERIALS 
Materials and 
thickness (nm) 
First waveguide mode Multiple waveguide modes 
Thickness of dielectric 
layer (nm) 
Angle of incidence at this 
wave guide mode 
Thickness of dielectric  
layer (nm) 
Angle of incidence at this wave guide 
mode 
Gold (50) 220 39.250 522 - 
Silver (50) 260 39.550 549 - 
Aluminium (50) 261 39.540 549 - 
 
performed another simulation study to investigate the 
performance of the chosen thin films. Such shifts were easily 
measured and the surface plasmon spectroscopy was well 
suited for this purpose. It is shown that the Δθres  for all the  
 
examined films were quadratically related  (Eq. (11) to Eq. 
(13)) with the dielectric thickness. However, this Δθres for 
gold film always maintains a greater upward slope than the 
rest.  
It is also noticed that after a certain thickness of the 
dielectric layer, no plasmon dip is observed but a waveguide 
mode and sometimes multiple wavguide modes are observed 
(Table II). The waveguide modes observed at different 
thickness of protein are almost similar for the examined 
films. Although, first the waveguide mode for aluminium 
was observed at around 261nm thickness of protein, neither 
plasmon dip nor waveguide mode was present at around 
82nm of protein layer. However, to detect the thicker protein 
layer by the aluminium film, the thickness and the roughness 
also need to be modified. Additionally, the plasmons with 
silver coating are much sharper and narrower (Fig. 3 (b)) 
than their counterpart of gold coating which makes it easy to 
analysis in the plasmon spectrum. In the whole experiment, 
the thickness of all films were chosen to be 50nm as the 
plasmon dip is deeper and closes to zero line around this 
value.    
 
Fig. 5. Δθres observation for different coated materials with varying the 
thickness of dielectric layer. 
VI. CONCLUSIONS 
The paper presented the use of SPR technology in 
detecting the presence of lipid protein on the metal surface. 
The protein was used for biomolecular interaction with 
different nanoparticles. The change in the resonance 
condition was measured in the reflectivity curve. It is 
demonstrated that this resonance condition is varied with 
different nanoparticles. Gold nanoparticle has been found to 
offer the better performance in this experiment. Apart from 
this, the resonance condition is also greatly enhanced by the 
thickness of the dielectric layer. A quadratic relation is 
experimentally established between the plasmon shift and 
the thickness of the immobilized dielectric layer within a 
certain range. 
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